To meet the requirements of our own laboratory, the calibration method of linear structured light vision sensor based on the vanishing points and the vanihing lines is proposed. The concentric circles with a set of orthogonal diameters and known distance are designed as targets to calibrate the camera and linear structured light projector. Firstly, the orthogonal characteristics of the two vanishing points on orthogonal diameters are used to calibrate the internal and external parameters of the camera. Then the relationship between the normal vector of plane and the parameters in camera is applied to calibrate the normal vector of light plane. Finally, the forth parameter of light plane is obtained by using the coordinates of the known points in the target coordinate system. The experimental results show that the measurement average relative error of the sensor is 0.17%. It is proved that the linear structured light vision sensor with high accuracy and this is a feasible proposed calibration method.
Introduction
Structured light three-dimensional measurement is an attractive area in computer vision. Potential applications are in the domains of product quality inspection, reverse engineering, 3D printing. The linear structured light vision sensor consisted of a projector and a camera has been widely used for its advantages of simple structure, easy modeling, and high precision [1] .
The linear structured light vision sensor based on the triangulation measurement principle must be modeled and calibrated before it can be used. Many scholars have done a lot of research on these areas. According to the method to determine the plane equation coefficients, the existing calibration technique can be divided into the following two categories: (1) obtaining light plane parameters by fitting calibration points; (2) Two-step method: firstly, determine the normal vector; secondly, calculate the forth parameter [2, 3] . Most calibration methods fall into the first category.
For the first class of calibration methods, according to their way to the dimension of the target, which can be classified into three types: 3D target, 2D target and 1D target. Self-generated target method [4] , jugged target method [5] , cross-ratio invariance of three-dimensional target [6] and ball target [7, 8] are belong to the methods based on 3D target. These methods need precision calibration auxiliary facilities, the calculation process is complicate, or the image process is complicate. To solve these problems, some methods with the 2D target are proposed [ 9, 10] . As for these methods, the calibration targets' production is simple, and they are suitable for field calibration, but these methods need to establish the local coordinate and to carry out the coordinate transformation many times. To further simplify the calibration procedure, the calibration method based on o1D target was proposed. This method is mainly based on collinear point for plane equation parameters solution [11] [12] [13] . These kinds method provide few calibration points, which will decrease the precision of the calibration or increase more moving times of the target in the field of the camera view.
Although there are many calibration methods for linear structured light vision sensors, these methods cannot be directly applied to new environments as the application environment changes. Therefore, in this paper, according to the geometric characteristics of the vanishing points and lines, we design the concentric circles with a set of orthogonal diameters and known distance on a plane as the calibration target. We propose a novel 2D target-based calibration method for structured light vision sensors using the vanishing points and lines by randomly viewing the target from different unknown orientations positioned within the field of view. This method can calibration the camera and the light plane. Firstly, the orthogonal characteristics of the two vanishing points are used to calibrate the internal and external parameters of the camera. Then the relationship between the normal vector of plane and the parameters in camera is applied to calibrate the normal vector of light plane. Finally, the optical plane constant term is obtained by using the coordinates of the known points in the target coordinate system.
Measurement Model of Linear Structured Light Vision Sensor
Linear structured light vision sensor consists of a camera and a linear structured light projector, and their relative position between them is fixed, once the system is established. The measurement model of linear structured light vision sensor is shown in Fig.1 . The calibration includes camera calibration and the light plane calibration. 
Camera Model
Camera is described by the pinhole model on condition that its lens' aberration is insignificant. Camera calibration is to determine the camera model's intrinsic parameters and extrinsic parameters. The intrinsic parameters are given by , .
Where is the transformation matrix between pixel coordinates and the normalized coordinates of a point. Its elements of and are the scale factors in pixel image and axes, and is the parameter describing the skew of the two image axes(for square pixels, is zero), and its elements , are pixels coordinates of the principal point, which can be seen in Fig.1 . The extrinsic parameters represent the position and orientations of the camera relative to the world coordinate system is given by , .
The top 3×3 corner and 3×1 vector describe the orientation and the translation of the camera relative to the world coordinate system, respectively. They can be also shown in Fig.1 .
For cameras with negligible lens distortion, , , , are parameters to be calibrated.
The Linear Structured Light Projector Model
The linear structured light projector projects a laser beam, which is contained in a plane. So the light beam can be expressed by a space plane equation.
.
, , are any real number and the vector are the normal vector of the light plane. It is known that if the sensing system does work the laser light beam cannot pass through the origin of the camera coordinate system, so can be chosen as any real number except zero. The linear structured light projector calibration is to get the plane equation coefficients.
Camera Calibration Camera Intrinsic Parameters Calibration
Taking a circle with a set of orthogonal diameters as the calibration target, its image is shown in Fig.2 . AB and CD are the set of orthogonal diameters of the circle in the world coordinate system. p c and q c are the vanishing points of AB and CD, respectively. According to the knowledge of projective geometry [14] For the right-angled triangle, the Pythagorean Theorem provides a useful fact:
Set and are the coordinates of p c and q c in the camera coordinate system, respectively. and are their focal length normalized coordinates, respectively. Substitute them into Eq. 4, we get .
, , and , can be calculated by the harmonic conjugate theory.
Eq. 5 is a non-linear equation about the camera intrinsic parameters. To obtain the camera intrinsic parameters linearly, take n images of the target by the camera and calculate the coordinates of the vanishing points, then get n equations about the intrinsic parameters, use the ith equation of Eq. 5 subtracts the jth (1≤i, j ≤n, j≠i) of Eq. 5, we have .
That is .
Set , , , when n≥4, we get n-1 linear equations with , , .
Write it as a matrix equation . (9) Using the least square method, we can get .
The solutions , , are obtained. Substitute them into the Eq. 7, according to the practical significance of the parameters, so the solution , can be calculated as (11) .
Camera Extrinsic Parameters Calibration
Let be a 3D coordinate frame, whose orientation is in coincidence with the world coordinate frame and whose coordinate origin coincide with the original point of the camera coordinate frame, the dotted line indicated coordinate frame as shown in Fig.3 Owing to the camera has been calibrated, the normalization of focal length coordinates of the vanishing points p and q are known as and ,
respectively. Since that the vanishing points p and q have been determined, the following simple procedure shows how to calibrate the camera extrinsic parameters:
(1) computer, and normalize to unit length, the normal vector n = (n 1 , n 2 , n 3 ) T of O c p c q c plane using the two computed vanishing points p and q:
. (13) (2) computer the angle ηbetween n and the Zc = (0, 0, 1)
(3) computer, and normalize to unit length, the normal vector δthat is orthogonal to n and the Zc = (0, 0, 1)
(4) computer the rotation matrix R that brings Z c to align with n. It can be perceived form Fig.3 that a rotation of angle ηabout an axis passing through the origin and parallel to δwould do the job. The matrix for this rotation can be derived from Rodrigues formula. So, Define According to the combination of point and line in projective geometry and the establishment of world coordinate frame, we can use the cosine of the angle between the vector and , which are the image of the O w X w and O w Y w axes of world coordinate frame. We obtain .
Due to the error of camera calibration and image noise, the rotation matrix obtained by the above process can not satisfy the unit orthogonality. We need to solve the optimal estimation based on the known matrix. According to [15] , we can do singular value decomposition for the known matrix first, .
(18) According to the solution criteria, .
Then the most optimal solution can be calculated to be .
(20) That is the rotation matrix of the camera extrinsic parameters. Translation vector is the coordinates of the world coordinate frame origin in the camera coordinate frame. That is .
Structured Light Plane Calibration
Our calibration method based on the planar target can be carried out by two steps. Firstly, calculate the normal vector n L of the light plane using the vanishing points and vanishing line of the light plane; Secondly, determine the parameter d of the light plane using the points in the target pattern.
Computer the Normal Vector of the Light Plane
Vanishing line l of a plane in 3D space is determined by its normal vector n l , and the following equation stands:
(21) where K is the intrinsic parameter matrix of the camera, and L stands for the direction of vanishing line l in 2D image.
By Eq. 18, we can see that if the vanishing line l of the light plane in the image has been obtained, the normal vector n l of the light plane is determined.
Using the calibration target shown in the above section, its geometric characteristics is illustrated in Fig.3 . The light stripe that do fall onto the center O of the circle on the target plane is shown in Fig.3(a) , its image is illustrated in Fig.3(b) . As sketched in Fig.3, the Since O is the center of the circle and it is also the midpoint of A 1 B 1 . P 1 is a point at infinity. We can also say A 1 , B 1 harmonically conjugate with respect to points that points O, C 1 . Suppose the corresponding image points of A 1 , B 1 , O, P 1 are a 1 , b 1 , o, p 1 , respectively, and since both collinearity and cross-ratio are projective invariants, we may easily conclude that a 1 , b 1 , o, p 1 , are also collinear and their cross-ratio is kept as -1. Based on these two properties, we obtain the following two equations:
p 1 can be easily solved through the above two equations. In the field of view of the camera, the position of the plane target is changed for many times under the condition that the light stripe passes through the center of the circle. According to the above process, the vanishing point p i (i=1……n, n≥2) of each different light stripe line can be calculated. The equation of the vanishing line of the light plane is obtained by fitting all the vanishing points. K and n l are known, and plug them in Eq. 18, the normal vector of the light plane can figured out.
Computer Parameter d of the Light Plane
Using the points known coordinates in the planar target and the relative position between the camera and the target, the parameter d can be determined. To ensure the accuracy of calculation, several points can be selected for calculation.
Physical Experiment
We design a planar target with a planar target with a set of orthogonal diameters and relative distances known concentric circles Fig. 4(a) . The radius of the largest circle is 16cm, and the radius of the smallest circle is 1cm. The distance between two adjacent circles is 2cm. The physical linear structured light vision sensor consists of a camera and a laser projector as displayed in Fig. 4(b) . The camera is Pro C920 manufactured by Logitech company. The image resolution is 640×480. The laser projector is a linear structured light laser. 
Calibration Results
The system calibration process is as follow:
(1) Capture images of the planar target 20 different positions within the measurement range of camera. Extract the pixel coordinates of the center, the intersections of the two diameters and each circle. Calibrate the internal parameters of the camera by the principle described in camera intrinsic parameters section. The calibration results are as follow:
(2) When the target position changes, the external parameters of the camera also change. According to the method of solving the external parameters of the camera introduced in camera extrinsic parameters section, the external parameters of the camera of 20 positions can be obtained. The target positions can be shown in matlab as Fig.5 . After the initial value of the normal vector is known, the fourth parameter d can be obtained by the method described in the part of d calibration, and d=2777.78. Therefore, the light plane equation in the target coordinate system is 0.0656x+135.7631y+22.6517z+2777.78=0.
Accuracy Evaluation
Use the Zhang's method [14] to calibrate the intrinsic parameters, and the results are as follows:
Use the above camera parameters and the light plane calibrate method, the light plane equation is 0.0712x+135.9876y+21.9989z+2778.96=0. Apply the above two sets of data to measure two segment 100mm and 200mm, respectively. The measurement results show in Table 2 . From the measurement Table 2 , we can see the method proposed in this method's have the more accurate measurement results.
Summary
A novel sensor for a linear structured light vision sensor is proposed in this paper. The presented method is used a planar target with concentric circles, which have a set of orthogonal diameters and relative distances and radius are known. The vanishing points on the diameters are applied to calibrate the intrinsic and extrinsic parameters of the camera, and the vanishing lines is used to calibrate the normal vector of the light plane. Here, the forth parameter of the light plane is use the camera extrinsic parameters and the known coordinates in the target. The method proposed in this paper is less difficult than the three-dimensional calibration methods and part two-dimensional calibration methods, and more difficult than the one-dimensional calibration methods. The experimental results show that the average relative measurement error of the proposed sensor is 0.17%. The further test experiment should be done to verify the effectiveness of the method.
